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ABSTRACT
In order to assess whether multiple-locus-variable number tandem repeat analysis (MLVA) could
replace pulsed-ﬁeld gel electrophoresis (PFGE) for genotyping vancomycin-resistant isolates of
Enterococcus faecium (VREF), this study compared the typeability, discriminatory power, concordance
and costs of these methods for VREF isolates obtained from patients, environmental samples and the
hands of healthcare workers (HCWs) in a medical intensive care unit (ICU) where VREF was endemic.
Over a 58-day period, 393 VREF isolates (373 vanA, one vanA ⁄B, 19 vanB) were cultured from patient
rectal swabs (n = 76), the environment (n = 270) and the hands of HCWs (n = 47). PFGE was able to
divide 358 (91.1%) isolates into 19 PFGE types (>six bands different) and 24 subtypes (one to three bands
different). MLVA was able to type 391 (99.5%) isolates into 11 genotypes. The discriminatory power of
PFGE subtypes was 83%, as compared to 68% for MLVA. Concordance between the two methods,
based on matched or mismatched MLVA types and PFGE types or subtypes, was 67.5% and 82.8%,
respectively. Using PFGE, 13 isolates could be genotyped in 3 days; MLVA genotyped 94 isolates in
2 days. For both methods, the estimated costs were Euro 7 ($10) ⁄ isolate. PFGE and MLVA produced
highly concordant results when assigning genotypes to nosocomial VREF isolates. MLVA was faster, but
PFGE subtyping was more discriminatory.
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INTRODUCTION
Since 1989, vancomycin-resistant Enterococcus
faecium (VREF) strains have emerged as nosoco-
mial pathogens in the USA [1], especially in
immunocompromised patients [2], and they
are now endemic in many hospitals [1]. Multi-
locus sequence typing (MLST)-based molecular
epidemiological studies of both human- and
animal-derived vancomycin-resistant and vanco-
mycin-susceptible E. faecium isolates have recently
revealed the existence of host-speciﬁc genogroups.
A speciﬁc genogroup, labelled clonal complex 17
(CC17), has been associated with nosocomial out-
breaks and infections on ﬁve continents, and is
characterised by ampicillin and quinolone resis-
tance. The majority of CC17 isolates also contain a
putative pathogenicity island that includes the esp
gene, which is involved in bioﬁlm formation [3–7].
Genotyping of isolates is important in order to
study the epidemiology of VREF in hospitals. To
date, pulsed-ﬁeld gel electrophoresis (PFGE) has
been considered to be the reference standard
method for genotyping enterococci [8–12]. How-
ever, PFGE is labour-intensive and lacks standardi-
sation and strict criteria for interpretation of
banding patterns, which hamper data exchange
among laboratories. Multiple-locus variable-
number tandem repeat analysis (MLVA) is based
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on detecting differences in the variable number of
tandemrepeats (VNTRs) present atmultiple loci on
the chromosomes of bacteria; these can be detected
rapidly by PCRs that use speciﬁc primers targeting
the ﬂanking regions of the tandem repeats. As
MLVA types are discriminated by the gain or loss
of discrete repeats, this method yields an unam-
biguous numerical result that is suitable for data
exchange among laboratories via the internet [13].
Initially, the MLVA scheme was validated by
comparing the MLVA typing results of almost 300
E. faecium isolates from different sources, inclu-
ding hospital outbreak and clinical isolates, with
MLST. This comparison revealed CC17-speciﬁc
MLVA proﬁles, and it was therefore suggested
that MLVA could be used as an initial screening
method for typing E. faecium in hospital labora-
tories [13]. As PFGE is currently used for this
purpose, the present study investigated whether
PFGE can be replaced by MLVA. The typeability,
discriminatory power, concordance, cost and
turn-around time of these two methods were
therefore compared for VREF isolates obtained
from patients, environmental samples and the
hands of healthcare workers (HCWs) in a medical
intensive care unit (MICU) where VREF coloni-
sation was endemic.
MATERIALS AND METHODS
Bacterial isolates
Between March and May 2001, VREF strains were isolated
from patient rectal swab specimens, samples from the hands of
HCWs and environmental swabs of sites in the 21-bed MICU
at Rush University Medical Center (Chicago, IL, USA). This 58-
day period formed part of a larger intervention study designed
to reduce the spread of VREF and other species of vancomy-
cin-resistant enterococci [14].
PFGE
PFGE typing using SmaI-digested DNA was performed as
described by Kim et al. [15]. The assignment of PFGE types
(PTs) was adapted from the criteria suggested by Tenover et al.
[11]. Thus, isolates that differed by £ six bands were assigned
to the same PT, while isolates that differed by ‡ seven bands
were assigned to different types, designated by a number.
Within each PT, isolates that differed by one to three bands
were assigned to the same PFGE subtype (PST), designated by
a number and letter combination.
MLVA typing
MLVA typing was performed as described previously [13],
with the following minor modiﬁcations. PCR of the ddl gene,
VNTR–1, VNTR-7, VNTR-8, VNTR-9 and VNTR-10 was
performed using HotStarTaq mastermix (Qiagen, Valencia,
CA, USA), while PuReTaq Ready-To-Go PCR beads (GE
Healthcare Biosciences, Uppsala, Sweden) were used for
VNTR-2. The PuReTaq Ready-To-Go PCR beads were dis-
solved in 20 lL of MilliQ water containing 10 pmol each of the
forward and reverse primers for VNTR-2, and this was
followed by the addition of 5 lL of lysate. The PCR programs
used for VNTR-8 and VNTR-9 were similar to those used for
VNTR-7 and VNTR-10; for VNTR-2, the extension time was
prolonged to 2 min at 72C.
Identiﬁcation of CC17-speciﬁc MLVA types was achieved
by comparing the MLVA proﬁles obtained with the different
repeat combinations described previously for VNTR-7, VNTR-
8 and VNTR-10, which have been shown to have a positive
predictive value of 87% and a speciﬁcity of 90% for CC17,
formerly designated MLST-C1 [13].
esp and vanA ⁄B PCRs
All isolates were screened by PCR for the esp gene (as a marker
for the presence of the putative pathogenicity island [3,6])
using primers espfm 14F and espfm. 12R as described previously
[16]. All isolates were also screened for the presence of the
vanA or vanB gene cluster as described previously [17].
Statistical analysis
Differences in typeability according to MLVA and PFGE were
analysed using chi-square tests. To compare the discrimina-
tory abilities of PFGE and MLVA, Simpson’s index of diversity
(D) and 95% CIs were calculated for the number of isolates
typed by both methods, according to formulas described
previously [18,19], using EpiCompare v.0.99 (Ridom GmbH,
Wu¨rzburg, Germany). The concordance between MLVA type
and PFGE types and subtypes was also calculated using
EpiCompare v.0.99; for this analysis, all possible pairs of
isolates were cross-classiﬁed, on the basis of matched or
mismatched types, according to the method described by
Robinson et al. [20]. The signiﬁcance of the concordance was
not estimated, because the pairs on which the analysis was
based are not independent [20].
RESULTS
Patients and bacterial data
The VREF isolates analysed were from a larger
dataset of VREF and vancomycin-resistant
E. faecalis isolates identiﬁed systematically from
surveillance cultures during the baseline, non-
intervention period of a study of an MICU in
which VREF strains were endemic [14]. Seventeen
patients were present in the MICU at the start of
the study, and 146 patients were admitted during
the study period. In total, 393 VREF isolates, all
ampicillin-resistant, were obtained from 76 rectal
swabs from 42 patients, 270 samples from sites in
the patients’ environment, and 47 samples from
the hands of HCWs who were caring for the
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patients. Four patients were colonised with VREF
at the start of the study period, and 24 (16.4%)
patients were colonised on admission. Of the
remaining 118 patients, 14 (11.9%) were colonised
by VREF during their MICU stay [14].
VREF genotyping
Of 393 VREF isolates, 358 (91.1%) yielded inter-
pretable PFGE banding patterns on the ﬁrst
occasion that they were tested, resulting in 19
PTs and 24 PSTs (Table 1). PT-1 was the predom-
inant type (275 ⁄ 358; 76.8%). Within PT-1, four
PSTs were found, with PST-1B and PST-1C
accounting for 36.0% (99 ⁄ 275) and 31.3%
(86 ⁄ 275) of the PT-1 isolates, respectively. PT-6
contained three subtypes.
MLVA generated complete MLVA proﬁles for
391 (99.5%) of 393 VREF isolates, with 11 MLVA
types (MTs) (Table 2). MT-2 was the predominant
type, accounting for 43.5% (170 ⁄ 391) of the
isolates. MT-206 and MT-1, which are single-locus
variants of MT-2, accounted for 135 (34.5%) and
30 (7.7%) isolates, respectively; MT-208 accounted
for 41 (10.5%) isolates.
All except 19 MT-1 isolates contained the esp
gene, i.e., 374 (95.2%) of the isolates. Furthermore,
vanA resistance was found in 373 (94.9%) isolates.
One esp-negative MT-1 isolate contained both the
vanA and the vanB gene clusters; the vanB gene
cluster was found in 19 isolates, including 17 of
the 19 esp-negative MT-1 isolates, as well as one
MT-2 and one MT-5 isolate.
Comparison of MLVA with PFGE
The typeability of MLVA (99.5%) was signiﬁ-
cantly higher than that of PFGE (91.1%)
(p <0.01). The discriminatory power (D) of 356
isolates typed with both methods was higher with
MLVA (0.68; 95% CI 0.65–0.71) than with PFGE
(0.4; 95% CI 0.33–0.46), but lower than that
obtained using PFGE subtypes (0.83;
95% CI 0.81–0.85). The total time required to
complete one PFGE gel with 13 samples, includ-
ing type assignment, was c. 3 days, while
c. 2 days was required to determine the MLVA
proﬁles of 94 samples. The estimated cost per
Table 1. Distribution of 358 isolates of vancomycin-resis-
tant Enterococcus faecium among pulsed-ﬁeld gel electro-
phoresis (PFGE) subtypes
PFGE subtype No. of isolates %
1A 47 13.1
1B 99 27.7
1C 86 24
1D 43 12
2 1 0.3
3 1 0.3
4 2 0.6
5 1 0.3
6A 30 8.4
6B 9 2.5
6C 1 0.3
7 4 1.1
8 6 1.7
9 3 0.8
10 1 0.3
11 3 0.8
12 1 0.3
13 4 1.1
14 2 0.6
15 9 2.5
16 2 0.6
17 1 0.3
18 1 0.3
19 1 0.3
Table 2. Multiple-locus variable-number tandem repeat analysis (MLVA) types, showing the MLVA proﬁles, found
among 391 vancomycin-resistant isolates of Enterococcus faecium
MLVA
type
(MT)
MLVA proﬁlea
No. of
isolates
CC17-speciﬁc
MTsb %VNTR-1 VNTR-2 VNTR-7 VNTR-8 VNTR-9 VNTR-10
1 5 7 3 3 2 3 30 + 7.7
2 5 6 3 3 2 3 170 + 43.5
5 5 7 3 2 2 3 9 + 2.3
9 5 3 3 3 2 3 1 + 0.3
163 5 5 3 3 2 3 1 + 0.3
206 5 6 3 3 1 3 135 + 34.5
208 5 8 3 2 1 1 41 ) 10.5
209 5 8 3 3 2 3 1 + 0.3
211 5 6 3 2 1 1 1 ) 0.3
212 5 4 3 3 1 3 1 + 0.3
213 4 6 3 3 2 3 1 + 0.3
aNumerical values in the table refer to the number of repeats for each VNTR locus.
b+; MTs with the repeat proﬁle 3-3-3, 3-2-3, 3-3-2, 4-3-3, 3-4-3, 4-2-3, 3-3-1 for VNTR-7, VNTR-8 and VNTR-10 were identiﬁed as belonging to CC17 with a sensitivity of 97%
and a speciﬁcity of 90% [13].
VNTR, variable number tandem repeat.
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isolate tested, including materials, labour and
equipment depreciation, was c. Euro 7 ($10).
Cross-classifying the isolates on the basis of
matched or mismatched MTs and PTs or PSTs
revealed that the concordance of the typing
schemes was 67.5% and 82.8%, respectively
(Table 3). When compared to PTs, MTs were
more predictive of the PT than vice versa. Over-
all, 94% (18 953 ⁄ 20 211) of all isolate pairs shar-
ing identical MTs also had identical PTs, while
50% (18 953 ⁄ 38 214) of the pairs with identical
PTs shared identical MTs, illustrating that MLVA
provided a more discriminatory dataset than
PFGE patterns classiﬁed into PTs. In contrast,
PSTs were more predictive for MTs than
vice versa, with 93% (10 133 ⁄ 10 906) of all pairs
that shared identical PSTs also having identical
MTs, while 50% (10 133 ⁄ 20 211) of the pairs with
identical MTs shared identical PSTs (Table 3).
This can be explained by the greater diversity in
PFGE subtype classiﬁcation.
An advantage of MLVA typing is that it can
also be used to identify isolates belonging to
CC17. Comparison of the MLVA proﬁles
obtained with the CC17 speciﬁc repeat combi-
nations described previously for VNTR-7,
VNTR-8 and VNTR-10 [13] revealed that, except
for MT-208 and MT-211, all of the MLVA
proﬁles belonged to CC17, accounting for 349
(89.3%) of the 391 isolates for which MLVA
proﬁles were obtained.
Distribution of PSTs among MTs
The three most prevalent MTs (MT-2, MT-206,
and MT-208) were predominantly linked to
speciﬁc PTs (Table 4). Linkage to a speciﬁc PT
was not found for MT-1. MT-2 and MT-208 were
each represented by a single PST (PST-1A and
PST-6A, respectively) at the start of the study
period, while MT-206 was represented by two
PSTs, PST-1C and PST-1D, with PST-1C being
clearly predominant. Over time, the dominant
PST in MT-2 changed from PST-1A to PST-1B. In
MT-206, the proportion of isolates with PST-1C
initially decreased over time in favour of
PST-1D, and MT-206 had almost disappeared
by the end of the study period. Finally, PST-6A
was partly replaced by PST-6B among MT-208
isolates.
DISCUSSION
This study revealed that MLVA typing may be a
faster, more standardised alternative to PFGE
typing for studying the genetic relatedness of
VREF isolates within hospitals. The results of
Table 3. Cross-classiﬁcation of all possible pairs of
isolates based on matched or mismatched MTs and PTs
or PSTs
PFGE type PFGE subtype
Match Mismatch Sum Match Mismatch Sum
MLVA
Match 18 953 1258 20 211 10 133 10 078 20 211
Mismatch 19 261 23 718 42 979 773 42 206 42 979
Sum 38 214 24 976 63 190 10 906 52 284 63 190
Concordance = 67.5% Concordance = 82.8%
aAll pairwise comparisons that were indistinguishable by both MLVA and PFGE
(match–match) or were considered to be different by MLVA and PFGE (mismatch–
mismatch) are in concordance.
PFGE, pulsed-ﬁeld gel electrophoresis; MLVA, multiple-locus variable-number
tandem repeat analysis; MT, MLVA type; PT, PFGE type; PST, PFGE subtype.
Table 4. Distribution of PFGE subtypes among MLVA typesa
MLVA
type
PFGE subtypes
1A 1B 1C 1D 2 3 4 5 6A 6B 6C 7 8 9 10 11 12 13 14 15 16 17 18 19 Total
1 1 6 3 1 4 2 8 1 1 1 28
2 47 95 1 5 1 2 1 1 153
5 2 4 3 9
9 1 1
163 1 1
206 1 84 37 1 123
209 1 1
212 1 1
213 1 1
208 26 9 1 1 37
211 1 1
Total 47 98 86 43 1 1 2 1 29 9 1 4 6 3 1 3 1 4 2 9 2 1 1 1 356
aMLVA types predicted to belong to CC17 are indicated in bold. Numbers in the body of the table indicate the number of isolates belonging to each group.
PFGE, pulsed-ﬁeld gel electrophoresis; MLVA, multiple-locus variable-number tandem repeat analysis.
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PFGE and MLVA typing were highly concordant,
but the typeability obtained with MLVA was
signiﬁcantly higher than that obtained with PFGE.
Although PFGE has been described as a highly
reproducible typing method for E. faecium [12],
the feasibility of generating banding patterns may
differ substantially among isolates, and the rea-
sons for variations in banding pattern quality are
not clear. Use of a band-based cluster tool, e.g.,
the Dice algorithm found in some software
packages, abrogates some of these difﬁculties,
but assignment of bands is still subject to personal
interpretation and is an important explanation for
poor reproducibility. Strictly standardised proce-
dures and techniques are necessary for inter-
laboratory comparison of PFGE data [21]. In
contrast, MLVA is a highly reproducible method
[13], with the advantage that single bands are
produced in the PCR. The translation from band
size to number of repeats can easily be read
from the MLVA website (http://www.mlva.
umcutrecht.nl), where the type assignment can
be made and compared to a database, including
isolates from different continents.
The stability of PFGE banding patterns for
E. faecium has been studied by Morrison et al. [9].
A large degree of DNA banding pattern poly-
morphism was observed when a single colony
was subcultured repeatedly, and it was hypoth-
esised that this was caused by mobile element-
induced genomic rearrangement. In contrast, a
study by Bonten et al. [22] found little genetic
variation among isolates cultured from long-term
colonised patients. Within the patient group in the
present study, there were several examples in
which the environmental and rectal samples from
a single patient collected on a single day belonged
to different PSTs, but the same MT (data not
shown). Among MT-2, MT-206 and MT-208 iso-
lates, a shift in PSTs was observed over time,
which can be explained by genetic rearrange-
ments. It can therefore be argued that the genetic
diversity inferred from PFGE banding patterns,
especially when stringent criteria such as those
used to deﬁne PFGE subtypes in the present
study are used, is too high to allow the recogni-
tion of clones or cross-transmission events in an
endemic setting. It therefore seems that PFGE
typing of E. faecium isolates is best suited for
short-term epidemiological purposes, e.g., tracing
hospital outbreaks, and not for comparison of
isolates from different origins.
MT-1 did not correlate with a single PT. It is
possible that genome rearrangements are respon-
sible for this observation. However, previous
MLST-based studies have demonstrated that
MT-1 is polyclonal, while multiple sequence
types, including ST-17, the presumed founder of
CC17, were found [7,13,23,24]. The present study
revealed that, in contrast to the other MTs, esp and
the vanB gene cluster are present in only a subset
of MT-1, which emphasises the polyclonality of
MT-1.
On the basis of MLVA proﬁles, ampicillin
resistance and the presence of esp, >85% of the
isolates were identiﬁed as belonging to CC17.
However, two features characteristic of CC17, i.e.,
ampicillin resistance and the presence of the esp
gene, were also found among the single MT-211
isolate and the MT-208 isolates. This suggests
that, in addition to the MLVA proﬁles described
previously [13], other MLVA proﬁles found with-
in this cluster may also be linked to CC17. MLST
analysis of a representative MT-208 isolate and
the MT-211 isolate conﬁrmed that both MTs
belong to CC17 (data not shown). Interestingly,
comparison with the reference database (http://
efaecium.mlst.net) revealed that the MT-208 iso-
late had the same sequence type as one other
outbreak-related isolate from the USA (personal
unpublished data). To our knowledge, there are
no previous studies that have linked PFGE band-
ing patterns to CC17.
The discriminatory power of MLVA was lower
(0.68) in the present study than has been reported
previously [13,23,24], probably because the iso-
lates analysed were collected over a relatively
short period from patients on a single hospital
ward where VREF was endemic, so that highly
related clones were to be expected. A previous
study, in which the discriminatory power of
MLVA was found to be 0.95 [13], evaluated a
more genetically diverse strain collection that
included isolates from various ecological niches,
e.g., the community, animals, the environment,
hospitals and different geographical locations. A
more recent investigation, in which the discrim-
inatory power of MLVA was revealed to be
0.846, analysed VREF isolates over a 2-year
period from patients housed in different hospital
wards [23]; the genetic diversity of these isolates
would therefore be expected to be greater than
the diversity in the current set of isolates.
Another study compared PFGE, MLST and
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MLVA using representative isolates from out-
breaks and clusters of infections in 31 different
German hospitals [24]. Although the discrimina-
tory power of MLST (0.91) was higher than
that of MLVA (0.84), the overlapping 95% CIs
revealed that the results obtained by the two
methods were congruent. Not surprisingly, PFGE
had the highest discriminatory power (0.951) for
this group of isolates obtained from different
hospitals at different times in which a high
degree of DNA polymorphism was to be
expected. The eight isolates with a documented
epidemiological link all belonged to the same
PFGE, MLVA and MLST types.
In summary, MLVA produces results that are
highly congruent with those obtained by PFGE,
but produces results faster. MLVA provides less
ambiguous typing data, which are easier to store
in databases and to exchange among laboratories.
MLVA is also able to link isolates to CC17, which
is not possible with PFGE. Therefore MLVA, like
PFGE, appears to be a useful method for deter-
mining clonal spread of VREF in a MICU setting
of high-level, polyclonal endemicity.
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